Focal adhesions (FAs) are dynamic subcellular structures connecting the actin cytoskeleton with the extracellular matrix, allowing the cells to sense and respond to the mechanical and chemical cues from the environment[@b1][@b2][@b3]. FAs contain hundreds of residential and associated molecules with enzymatic activities or adapter functions[@b4]. These FA proteins form a three-dimensional nano-structure of slippery clutches within a narrow depth between the actin cytoskeleton and the substrate matrix[@b5][@b6]. As such, the dynamic assembly and disassembly processes of FAs play central roles in cell adhesion, migration and differentiation[@b5][@b7][@b8].

The structural regulation of FAs in migrating cells is considered to be driven by local molecular biochemical activities. Epidermal growth factors have been shown to activate the growth factor receptor kinase and cause FA disassembly during migration and invasion[@b9][@b10]. Protein tyrosine kinase Src and focal adhesion kinase (FAK) have been reported to regulate the turnover of FA structures[@b8][@b11]. Meanwhile, Src also interacts with the small GTPase Rac1 and transmembrane integrin receptors to regulate FA assembly[@b12][@b13]. However, the quantitative and spatiotemporal coordination between the enzymatic Src activity and the structural FA dynamics remain elusive and has not been previously investigated, mainly due to the heterogeneous and transient nature of these signals in different subcellular compartments of live cells. Only through single-cell imaging approaches, it has become possible to quantitatively capture these signals and assess the relationship between the local molecular activities and the FA dynamics.

Fluorescence resonance energy transfer (FRET)-based biosensors have been widely used to monitor spatiotemporal molecular activities with high resolution in single live cells[@b14][@b15]. We have previously developed biosensors for monitoring the Src kinase activity at different subcellular locations[@b16]. The membrane-tethered Lyn-Src and KRas-Src biosensors have been utilized to show differentially regulated Src activation mechanisms in and outside the rafts microdomains at the plasma membrane[@b16][@b17][@b18]. In the current study, the Lyn-Src and KRas-Src biosensors based on ECFP and YPet[@b19], a highly sensitive FRET pair, were used to monitor Src activity at different sub-membrane compartments. As such, the enzymatic Src activity visualized by the membrane-targeted Src biosensors, and the structural FA dynamics highlighted by mCherry-paxillin[@b20][@b21], can be simultaneously monitored to elucidate their dynamic coordination at subcellular levels in the same cell.

Single-cell FRET imaging can provide a panoramic view of the heterogeneous and dynamics processes of molecular activities in a population of cells[@b22][@b23]. However, this invaluable information and the underlying regulation parameters are often lost when only the representative or averaged FRET signals are studied. To decipher the regulation mechanism underlying the heterogeneous and dynamic signals from single cells, we developed a novel correlative FRET imaging microscopy (CFIM) framework for the quantitative analysis of the coordination between a pair of molecular signals in single live cells. The innate cell-cell heterogeneity of the signals is used to evaluate the causality-related parameters without the need of specific pharmacological inhibitors[@b22][@b24]. The dynamics of the signals can be applied to interpret the sequential kinetic parameters of the molecular events[@b25][@b26]. Indeed, our results utilizing CFIM revealed that cell-matrix interactions govern the Src-FA interaction at subcellular levels, via specific integrin subtypes. The results demonstrated that noisy and complex signaling events observed in single live cells can be quantitatively deciphered by CFIM to shed new light on the regulation mechanism of the enzyme-structure coordination.

Results
=======

PDGF induced a concomitant Src kinase activation and FA disassembly
-------------------------------------------------------------------

Mouse embryonic fibroblasts (MEFs) were co-transfected with the Lyn-Src biosensor and mCherry-paxillin, and seeded on fibronectin-coated cover glass. Upon PDGF stimulation, an immediate and significant increase of the Lyn-Src ECFP/FRET ratio (representing Src kinase activity in lipid-rafts) was observed concurrently with a decrease of the mCherry-paxillin fluorescence intensity representing FAs ([Fig. 1a](#f1){ref-type="fig"} and [Supplementary Video 1](#s1){ref-type="supplementary-material"}). The average Src ECFP/FRET ratio and total fluorescence intensity of mCherry-paxillin within the computationally detected whole-cell contour were quantified and normalized to their levels before stimulation ([Fig. 1b](#f1){ref-type="fig"}). The results revealed that PDGF induced an 80% increase of Src ECFP/FRET ratio, accompanied by a 14% reduction of mCherry-paxillin intensity in the whole cell ([Fig. 1c](#f1){ref-type="fig"}), suggesting a possible coupling between Src activation and FA disassembly at the whole cell level under PDGF stimulation.

Quantitatively analyze the subcellular coordination between Src activation and FA disassembly by CFIM
-----------------------------------------------------------------------------------------------------

We further quantified the mCherry-paxillin dynamics of FA sites at different subcellular regions. The water algorithm[@b27] was modified to detect and segment the FAs in the mCherry-paxillin images with high computation efficiency ([Figs. 1d--e](#f1){ref-type="fig"}, [Supplementary Figs. 1a--b](#s1){ref-type="supplementary-material"} and [Supplementary Video 2](#s1){ref-type="supplementary-material"}, see Methods for details). A mask image of the cell body was calculated and divided into five layers according to their normalized distance to the centroid. The Src ECFP/FRET ratio and the mCherry-paxillin intensity of the detected FAs within the cell outer layer were then computed via this automated program to represent the local signals at the lamellipodium that are crucial for cell adhesion and migration[@b3][@b28] ([Fig. 1e](#f1){ref-type="fig"}, [Supplementary Fig. 1](#s1){ref-type="supplementary-material"} and [Supplementary Video 2](#s1){ref-type="supplementary-material"}). The quantified results showed a 70% increase of Src activity and a 75% decrease of total FAs at the lamellipodium ([Fig. 1f](#f1){ref-type="fig"}). When the PDGF-induced changes of Src and paxillin signals were compared among three levels: whole cell, FA sites in the whole cell (Cell-FA) and in the lamellipodium (Lam-FA), significantly more paxillin dissolution was detected in the Cell-FA and Lam-FA regions than the whole cell, clearly suggesting differential FA dynamics at different subcellular regions ([Fig. 1g](#f1){ref-type="fig"}).

After the time courses of Src activation and Lam-FA disassembly were quantified, we designed the CFIM analysis procedure to evaluate the correlation between Src activation and Lam-FA disassembly at the single-cell level ([Fig. 2](#f2){ref-type="fig"}). Specifically, the CFIM methods was designed to address two logically independent questions: (1) How are these two signals correlated in magnitude at single-cell level? (2) What are the kinetic similarity and time difference between these two signals? To quantitatively evaluate parameters describing these two kinds of correlation, we performed linear regression on the maximal magnitudes of Src activation and FA disassembly and cross-correlation analysis on the time courses ([Fig. 2](#f2){ref-type="fig"}).

Lam-FA disassembly is coordinated with Src activation within lipid rafts in magnitude and kinetics
--------------------------------------------------------------------------------------------------

When the quantified time courses of local Src activity and Lam-FA intensity in multiple cells cultured on 2.5 μg/ml fibronectin (FN) coated slides were normalized and plotted together, the cell-cell heterogeneity is apparent with the magnitude of individual curves varying among different cells, although the curves averaged from all the cells demonstrated a consistent trend of Src activation and Lam-FA disassembly ([Fig. 3a](#f3){ref-type="fig"}). Since the cell cycles were synchronized by starvation before imaging, the observed variation in single-cell responses is likely due to the innate cell-cell heterogeneity in structure and function, such as the molecular wiring inside each individual cell.

To investigate the spatiotemporal coordination of local Src activation and Lam-FA disassembly in each individual cell, the curve of Src activation (the normalized Src ECFP/FRET ratio −1) was color-coded by the corresponding Lam-FA disassembly (1- the normalized total paxillin intensity) in the same cell. These plots showed a strong correlation between the PDGF-induced Lam-FA disassembly and Src activation within each individual cell ([Fig. 3b](#f3){ref-type="fig"}), as evidenced by higher Src activation associated with stronger Lam-FA disassembly (hotter colors). This observation was further demonstrated by the max-max plot, with each data point obtained from a single cell representing the maximal Lam-FA disassembly against the maximal Src activation ([Fig. 3c](#f3){ref-type="fig"}, [Supplementary Fig. 2a](#s1){ref-type="supplementary-material"}, and Methods). The max-max plot revealed a clear linear correlation between the magnitude of Lam-FA disassembly and Src activation at single cell levels, with the slope of this plot representing the relative amount of Lam-FA disassembly per unit of Src activation and hence the capacity of Src activation in causing Lam-FA disassembly (coordination capacity).

The linear correlation coefficient, *R*, measures the coordination strength between the magnitude of Src activation and Lam-FA disassembly among different cells[@b17], with R^2^ representing the coefficient of determination, quantifying the portion of variability in the Lam-FA signal which is determined by the variability in Src activity[@b17]. *R* = *0* indicates no correlation between two signals and *R* = *1* indicates that the variability in the Lam-FA signal is completely determined by that of Src activation. Hence, the *R* value of 0.74 in this case clearly indicates a strong correlation between the Src activation and Lam-FA disassembly in magnitude, which is drastically higher than that of unrelated events generated by randomization tests (p-value \< 1.0e-3). The cell group with high Src activations (Src activation in each cell is above its median value from the whole cell population) also had significantly more Lam-FA disassembly than cells with below-median Src activations ([Supplementary Fig. 2b](#s1){ref-type="supplementary-material"}), confirming the coupling between the magnitudes of Src activation and Lam-FA disassembly.

Since the time courses of the normalized Src FRET ratio and normalized paxillin intensity both leveled off around 20 min after stimulation ([Figs. 3a--3b](#f3){ref-type="fig"}), it is expected that final levels of the normalized FRET ratio and paxillin intensity are also coupled. Indeed, linear regression analysis confirmed this correlation (R: −0.72 ± 0.14, 95% CI), with a relatively broad distribution of both the normalized FRET ratio and paxillin intensity broad ([Supplementary Figs. 2c--2d](#s1){ref-type="supplementary-material"}). In contrast, without normalization, the final levels of FRET ratio and paxillin intensity are uncoupled with R: −0.05 ± 0.67 (95% CI, [Supplementary Fig. 2d](#s1){ref-type="supplementary-material"}), with distributions quite different from their normalized counterparts ([Supplementary Figs. 2e--2f](#s1){ref-type="supplementary-material"}). These results underscore the importance of the normalization processes in revealing the underlying coupling between different dynamic processes[@b24][@b29].

Thus, the innate cell-cell heterogeneity can be utilized by CFIM to verify the Src-FA magnitude coupling, without the perturbation of signaling using Src inhibitors. Two important parameters "slope" and "R-value" can also be quantified by CFIM to characterize the capacity of Src enzymatic activity in causing the FA disassembly as well as the strength of the Src-FA magnitude coupling, respectively.

The colored curves in [Figure 3b](#f3){ref-type="fig"} also showed a gradual increase of Lam-FA disassembly during the time course of Src activity elevation, suggesting a temporal coordination between the kinetics of Src activation and Lam-FA disassembly. This dynamic coordination was quantified by the Src-Lam-FA cross-correlation (CC) functions in each single cell to reveal a maximum of *K* = *0.84* (representing the kinetic similarity between two signals) at *T* = *1.2* min (representing the time delay between two signals) on the average CC curve ([Fig. 3d](#f3){ref-type="fig"}). The parameter K denotes the maximal value of the CC function, which measures the similarity between two time courses. *K* = 0 indicates no similarity between the time courses, while *K* = 1 indicates that the time courses are identical. Therefore, these results suggest that the PDGF-induced Lam-FA disassembly was dynamically coupled with Src activation in lipid rafts, as Src activation leading and acting upstream of Lam-FA disassembly with an average time delay of 1.2 min.

Control experiment results indicate that the expression of Src FRET biosensor did not perturb the natural FA disassembly process, since the mCherry-paxillin intensity at Lam-FAs decreased with similar kinetics upon PDGF stimulation with or without the co-expression of the Lyn-Src biosensor ([Supplementary Fig. 3a](#s1){ref-type="supplementary-material"}). Interestingly, Lam-FA increased to 2.5 folds of the basal level upon PDGF stimulation in the Src/Yes/Fyn triple knockout (SYF-/-) fibroblasts[@b30] while the Src ECFP/FRET ratio remained unchanged during the time course, suggesting possibly positive regulations of FAs by other signaling molecules in the absence of Src family kinases ([Figs. 3e--f](#f3){ref-type="fig"}). The PDGF-induced Src activation and FA disassembly in SYF-/- fibroblasts can be rescued by expressing the wild-type Src gene, but not the kinase dead Src mutant ([Supplementary Figs. 3b--c](#s1){ref-type="supplementary-material"}). These perturbation experiments confirmed that the PDGF-stimulated Src kinase activity is essential in causing Lam-FA disassembly as suggested by the CFIM results based on the innate heterogeneous signals ([Fig. 3c](#f3){ref-type="fig"}). These results are also consistent with previous reports that constitutively active Src can cause the turnover of focal adhesion during cell migration, although these earlier reports cannot differentiate the importance of lipid-rafts Src activity from other subcellular locations[@b11][@b31]. Experiments in cells co-transfected with Lyn-Src and another FA marker protein vinculin conjugated with mCherry further showed that PDGF induced a Src activation with concomitant vinculin disassembly ([Supplementary Fig. 3d](#s1){ref-type="supplementary-material"}), confirming a coordination between lipid rafts Src activation and general FA protein disassembly in response to PDGF stimulation.

The magnitude of Lam-FA disassembly is regulated by FN concentration
--------------------------------------------------------------------

The FN concentration (\[FN\]) is known to regulate migration speed via cell-ECM adhesion and FAs[@b32][@b33][@b34]. We therefore investigated the effect of variable \[FN\] on the coordination between Src activation and Lam-FA disassembly. As in the case of 2.5 μg/ml \[FN\], PDGF induced Src activation and Lam-FA disassembly in cells seeded on 10 μg/ml and 20 μg/ml \[FN\] ([Figs. 4a--b](#f4){ref-type="fig"}, [Supplementary Fig. 4](#s1){ref-type="supplementary-material"}). Lam-FA disassembly upon PDGF stimulation was statistically more significant in cells seeded on 2.5 μg/ml \[FN\] than that on 10 or 20 μg/ml \[FN\], although their average Src activation was not significantly different ([Figs. 4c--d](#f4){ref-type="fig"}). Interestingly, there were no significant difference in FA disassembly or Src activation between the groups of cells on 10 and 20 μg/ml \[FN\].

To quantitatively evaluate the effect of \[FN\] on the magnitude and kinetic Src-FA coordination in single cells, we applied CFIM to compare two distinct sets of \[FN\] (low: 2.5 μg/ml and high: 10 μg/ml). CFIM revealed that the linear correlation coefficient *R* and the slope of the magnitude Src-FA coordination were significantly lower in cells on high \[FN\] than those in cells on low \[FN\], with the coordination strength, *R*, decreased from 0.74 to 0.28, and the coordination capacity "slope" decreased from 0.84 to 0.32 ([Figs. 5a--b](#f5){ref-type="fig"}). Furthermore, the peak value of the average CC-curve, *K*, representing the kinetic similarity, was significantly lower on high \[FN\], decreased from 0.84 to 0.74 ([Fig. 5c](#f5){ref-type="fig"}). Consistently, the time delay between Src activation and Lam-FA disassembly, *T*, increased from 1.2 min to 4.3 min when \[FN\] was raised from 2.5 to 10 μg/ml ([Fig. 5d](#f5){ref-type="fig"}). These results suggest that Src activation and Lam-FA disassembly are more closely coordinated when cells are seeded on low \[FN\]. Surprisingly, this tight coordination apparently only occurs at the rafts micro-domains, as the dominant Src activity reported by the general membrane-tagged KRas-Src biosensor outside of lipid rafts is uncoupled from the Lam-FA disassembly ([Figs. 5e--f](#f5){ref-type="fig"})[@b18].

FAs mediated by different integrin subtypes have distinct Src-FA coordination
-----------------------------------------------------------------------------

MEFs express integrin receptors including α~v~β~3~ and α~5~β~1~ subtypes which can bind to FN[@b35]. Since a tighter Src-FA coordination was observed at lower \[FN\], we reasoned that integrin engagement at high \[FN\] may antagonize the Src-FA coupling. To investigate the contribution of different integrin subtypes, we examined the effect of antibodies blocking the interactions between integrin and FN, i.e. LM609 specific for integrin α~v~β~3~[@b36] and MAB2514 for α~5~β~1~[@b37], when cells are seeded on 10 μg/ml \[FN\].

As shown in [Supplementary Figure 5](#s1){ref-type="supplementary-material"} and [Supplementary Videos 3--4](#s1){ref-type="supplementary-material"}, the pre-treatment of blocking antibodies did not affect the basal morphology of the Lam-FAs before PDGF. Neither did the pre-treatment significantly affect the average magnitude of PDGF-induced Src activation, suggesting that this PDGF-induced Src activation was relatively independent of specific integrin ligation ([Fig. 6a](#f6){ref-type="fig"}). When examining the averaged Lam-FA responses, the pre-treatment with any of the antibodies in blocking the nascent integrin ligation significantly enhanced the Lam-FA disassembly upon PDGF stimulation ([Fig. 6b](#f6){ref-type="fig"} and [Supplementary Videos 3--4](#s1){ref-type="supplementary-material"}). These results suggest that the overall PDGF-induced disassembly of Lam-FA populations is affected by integrins and their interactions with ECM proteins.

Single cell analysis by CFIM further showed that blocking integrin α~5~β~1~ function by MAB2514 significantly enhanced the linear correlation coefficient *R* and the slope of the max-max plot, clearly indicating an increased level of Src-FA coupling under PDGF stimulation upon the integrin α~5~β~1~ inhibition ([Figs. 6c--d](#f6){ref-type="fig"}). The coordination strength and capacity increased from 0.28 to 0.45 and from 0.32 to 1.37, respectively. In contrast, the blockage of integrin α~v~β~3~ by LM609 significantly inhibited this coordination, essentially reduced the coordination strength and capacity to near zero ([Figs. 6c--d](#f6){ref-type="fig"}). These results suggest that the Src-driven disassembly mainly occurs in the α~v~β~3~-mediated, but not α~5~β~1~-mediated, Lam-FA populations at the single-cell level.

Consistently, blocking integrin α~5~β~1~ functions, but not integrin α~v~β~3~, significantly enhanced the kinetic Src-FA similarity and eliminated almost all the time delay between Src activation and Lam-FA disassembly ([Figs. 6e--f](#f6){ref-type="fig"}). The Src-FA kinetic similarity increased from 0.74 to 0.81, and the Src-FA time lag decreased from 4.3 min to 0.8 min. Additional experiments confirmed that another rat antibody against integrin α~5~β~1~ (MAB16), also reduced the time delay between Src activation and Lam-FA disassembly ([Supplementary Fig. 6](#s1){ref-type="supplementary-material"}). These results suggest that the relatively large time delay and uncoordinated action between Src activation and Lam-FA disassembly observed on the high \[FN\] group is mainly attributed to the integrin α~5~β~1~ ligation. Therefore, the Lam-FA populations mediated by integrin α~5~β~1~ are relatively independent of the control of Src activity, whereas those associated with integrin α~v~β~3~ are closely coupled with Src activation upon PDGF stimulation.

Discussion
==========

The seamless integration of advanced imaging and analysis technologies is essential for visualizing and quantifying the molecular interactions in single live cells with high spatiotemporal accuracy. Here we have integrated FRET imaging, automated computational method, and correlation analysis to develop a CFIM method for the quantitative evaluation of the spatiotemporal coordination between an enzymatic activity and a structural dynamics at subcellular regions ([Fig. 2](#f2){ref-type="fig"}). CFIM utilizes the heterogeneity among different cells and the dynamic signals reported by live cell imaging to quantify the cause-effect characteristics including the coordination strength, capacity, the kinetic similarity and time delay between two molecular events. Growth factor stimulation was further employed to expose important signaling networks hidden at the basal state, enhancing the sensitivity and precision of our approach[@b24][@b29][@b38].

Because of the ratiometric nature of FRET imaging and the normalization process employed in CFIM, the FRET signals and total paxillin intensity should be independent of the fluorescence protein expression level and the instability of optics[@b39]. Indeed, our results show that the final levels of Src FRET ratio are not correlated with those of total paxillin intensity, although the expression levels of the reporters may be correlated in cells ([Supplementary Fig. 2](#s1){ref-type="supplementary-material"}). Only after further normalization with the basal-level signals, the responses of Src activity and Lam-FA induced by the growth factor become correlated at the single-cell level ([Fig. 3](#f3){ref-type="fig"} and [Supplementary Fig. 2](#s1){ref-type="supplementary-material"}). Thus, these results highlight the accuracy and specificity of the CFIM approach in single live-cell imaging.

Our results indicate that the raft-domain Src activation is linearly correlated in magnitude with FA disassembly at lamellipodia regions, and that Src activation precedes FA disassembly in minutes. This linear relationship between two distinctive biochemical and biophysical quantities of Src activation and FA disassembly revealed from single cells is exciting and may serve as a general rule in governing the FA dynamics in live cells. The likelihood of Src-FA causality was quantitatively evaluated by coordination strength and kinetic similarity, and further confirmed by traditional experiments and analysis in SYF-/- cells expressing Src mutants. Thus, CFIM allows the quantitative evaluation of the coordination between molecular events in the innate single-cell system without the need for specific inhibitors.

It is intriguing that only the Src activity at lipid rafts (Lyn-Src), but not that occurring at general membrane regions (KRas-Src), is coordinated with the FA disassembly upon PDGF stimulation ([Figs. 4e--f](#f4){ref-type="fig"}). This is consistent with the fact that FAs belong to highly ordered membrane micro-domains and lipid rafts[@b40]. Although the majority of Src activity is concentrated at the non-raft regions of the plasma membrane[@b18][@b41], a fraction of Src can associate with FAK at FA sites and lipid rafts to modulate the FA regulation[@b42]. Therefore, the subcellular localization of Src is crucial for its roles in regulating FA dynamics. This concept can be extendable to other functions of Src in general. In fact, Src inhibits Rho GTPase at the FA sites[@b43], whereas it activates Rho GTPase at podosomes[@b44]. These results clearly highlight the importance of subcellular localization of molecules in governing their functions.

CFIM also revealed that the Src-FA coordination can be modulated by the concentration of the matrix protein, fibronectin, and possibly its ligation to the corresponding integrin receptors, with Src activation tightly coupled with the disassembly of integrin α~v~β~3~-mediated Lam-FA population but poorly coordinated with that mediated by integrin α~5~β~1~ ([Fig. 7](#f7){ref-type="fig"}). As such, CFIM can measure the control parameters with high accuracy and statistical significance, providing powerful tools to unravel and quantify the underlying molecular mechanism governing the spatiotemporal molecular activity-structure relationship in live cells. This approach can be generally applicable to the investigation of, in principle, any pair of molecular activity/structure coordination in space and time. Similar to previously reported correlative or multiplexing analysis methods[@b25], our approach is also readily applicable for studying the spatiotemporal relationship among a large number of signaling/structural events measured from different individual cells, by assigning one common molecular event as a reference to align the different molecular signals.

It has been proposed that the paxillin-containing FAs at the cell periphery consists of a continuum combination of classical FAs, fibrillar adhesions and focal complexes[@b45]. Our results suggest that different populations of Lam-FAs exist in a single cell, whose regulation routes are distinctively wired to govern their dynamics. Specifically, the disassembly of Lam-FAs mediated by integrin α~v~β~3~ is tightly controlled by Src activity upon PDGF stimulation. In fact, the blockage of integrin α~v~β~3~ significantly inhibited the coordination between Src activation and Lam-FA disassembly. Consistently, when integrin α~5~β~1~ was blocked, both magnitude and kinetic correlations were significantly enhanced, and the time lag between Src activation and Lam-FA disassembly was eliminated ([Figs. 6c--f](#f6){ref-type="fig"}). It is possible that integrin α~v~β~3~-associated Lam-FAs can be directly controlled by the Src-mediated phosphorylation events of paxillin, FAK, or ERK to cause protein cleavage and FA disassembly[@b8][@b46]. In contrast, the regulation of integrin α~5~β~1~-associated Lam-FAs may largely rely on events relatively independent of Src activity, such as the re-arrangement of the actin cytoskeleton or different endocytosis routes adopted by integrins[@b47]. These notes are consistent with previous reports that PDGFR co-localizes and can in fact physically associate with integrin α~v~β~3~ and Src tyrosine kinase[@b48][@b49][@b50][@b51], and that integrins β~3~ and β~1~ had distinctive dynamics inside focal adhesions[@b52]. Therefore, our work highlights the power of CFIM in quantitatively deciphering the complex and noisy signaling network distinctively wired at different subcellular locations in live cells.

Methods
=======

Cell Culture, Transient Transfection and Reagents
-------------------------------------------------

Mouse embryonic fibroblasts (MEFs) (from ATCC) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 unit/ml penicillin, 100 μg/ml streptomycin, and 1 mM sodium pyruvate (GIBCO BRL) in a humidified 95% air, 5% CO~2~ incubator at 37°C before transfection. Different DNA plasmids were transfected into cells using Lipofectamine 2000 according to the protocol from the vendor (Invitrogen). The transfection condition was optimized for MEFs (60%--80% confluent), with 3.5 μg of DNA plasmids for each 35 mm cell culture dish. The amount of DNA transfected varies in this range between different experiments with Lyn-Src-YPet (2.5 μg) and mCherry-paxillin (1 μg). The Src biosensor was engineered in the PCDNA3.1 vector with the CMV promoter; mCherry-paxillin was engineered in the mCherry-C1 vector with the same promoter (CMV).

Cells expressing various exogenous proteins were starved in cell culture medium with 0.5% FBS for 36 hr before passing onto fibronectin-coated glass bottom dishes (Cell E&G) overnight prior to imaging. This step also served the purpose of synchronizing the status of cell cycle and reducing its effect on the variation of intracellular protein expression and molecular wiring. FN stock (1 mg/ml) was diluted with PBS to obtain the working solutions with different concentrations. The dishes were incubated with FN solutions at 37°C for 4 hr before usage to ensure sufficient coating. The coated FN density measured by fluorescent intensity has been shown to be linearly dependent on the concentration of FN solution at this range[@b33]. To inhibit the cell-matrix interaction, the MEF cells were pretreated with integrin α~v~β~3~ antibody LM609, or integrin α~5~β~1~ antibody MAB2514 (10 μg/ml, EMD Millipore) for 2 hr before imaging and the application of PDGF.

Microscope Imaging
------------------

During imaging, the cells were maintained in CO~2~-independent medium (Gibco BRL) without serum at 37°C before stimulation by PDGF (10 ng/ml, Sigma). Images were collected by a Zeiss Axiovert inverted microscope equipped with 100× objective (1.4 NA) and a cooled charge-coupled device camera (Cascade 512 B; Photometrics) using the MetaFluor 6.2 software (Universal Imaging). The parameters of dichroic mirrors, excitation and emission filters for different fluorescence proteins were described previously[@b19][@b39]. In brief, the Lyn-Src biosensor was excited at 420 ± 20 nm, and the emissions collected at 475 ± 40 nm or 535 ± 25 nm for ECFP or FRET images, respectively. The mCherry-paxillin probe was excited at 560 ± 40 nm and the emission collected at 653 ± 95 nm for mCherry images.

Image Analysis
--------------

The image analysis was conducted using our customized software *fluocell*[@b53] developed in MATLAB (version R2008a, The MathWorks Inc., Natick MA). The source code of *fluocell* is published via Google Code (<http://code.google.com/p/fluocell>). All the images were background-subtracted and smoothed using a median-filter with a window size of 3 × 3 pixels. A combination of the FRET images of the Lyn-Src biosensor and the mCherry-paxillin images were used to compute the masks of the cells. The mCherry images highlight the intensity value at the location of the FAs and ensure the inclusion of the FAs within the detected cell mask. The masks of the cell were then divided into five layers with the outer layer representing the lamellipodium region. In some cells, the FA sites were only correctly detected at the lamellipodia, but not at the perinuclear regions ([Supplementary Fig. 1c](#s1){ref-type="supplementary-material"}). It also happened that some image frames could not encompass the whole-cell body. In these cells where only part of the cell body was imaged, a fan-shaped region was manually selected in the first image of the video sequence ([Supplementary Figs. 1c--d](#s1){ref-type="supplementary-material"}). The interception of this fan region and the outer layer of the cell mask were utilized for all the images in the sequence to represent the active lamellipodium region of interest (ROI). As such, we quantified the average Src FRET ratio and total paxillin intensity within the Lam-FA region.

For the detection of FA locations based on the mCherry intensity images, the water algorithm[@b27][@b54] was modified and employed ([Supplementary Methods](#s1){ref-type="supplementary-material"}). This modification reduced the CPU time (on a laptop computer equipped with dual core Intel CPUs at 1.20 GHz and 2 GB of RAM) of the FA detection in one single image from 74.3 sec to 0.22 sec, and achieved a 338-fold increase of computing speed for a representative cell ([Supplementary Fig. 1a](#s1){ref-type="supplementary-material"}). In fact, the pixels labeled as FAs using our modified method are the same as those detected by the water algorithm ([Supplementary Fig. 1b](#s1){ref-type="supplementary-material"}). As such, this modification allowed us to not only detect the locations of the FAs as mask images with high efficiency but also quantify subcellular Src activity and paxillin dynamics of a large amount of images at these local sites, which is critical for the quantitative analysis of dynamic cellular processes.

The average Src ECFP/FRET ratio within the FAs in the regions of interest was obtained by calculating the average ratio between the ECFP and FRET images at the pixels that lie in both the ROI and FA mask. These Src ECFP/FRET ratios were further normalized by the mean average ratio within these corresponding regions before PDGF to obtain the time courses representing the dynamic and local Src activity as shown in [Fig. 3a](#f3){ref-type="fig"}. The PDGF-induced increase of Src activity, or Src activation, was further quantified by normalized (Src ECFP/FRET ratio-1) (see [Fig. 3b](#f3){ref-type="fig"}). Meanwhile, the total paxillin intensity was obtained by computing the sum of the intensity values from the mCherry image within the same regions and divided by the total paxillin intensity in the whole cell to account for photobleach. Then the time course of total paxillin intensity was normalized by the mean total intensity before PDGF to obtain normalized curves representing the percentage change of paxillin intensity comparing to the basal level ([Fig. 3a](#f3){ref-type="fig"}). Since the normalized paxillin intensity curves usually have values between 0 and 1, the curve, (1-normalized intensity), was used to represent the level of paxillin disassembly ([Fig. 3b](#f3){ref-type="fig"}). As a result, the paxillin disassembly curve measures the percentage of mCherry-paxillin leaving the FAs after stimulation. As such, these normalized and quantified amounts of Src activation and paxillin disassembly induced by PDGF should be independent of specific protein expression in individual cells.

In signal processing, the cross-correlation function is a measurement of similarity between two dynamics waveforms when a time-lag is applied. The discrete cross-correlation function (CC) between the signals A and B (A--B CC curve) were defined by the equation where,

Our customized cross-correlation function was used instead of the MATLAB functions *xcorr* or *xcov*, which inaccurately extends the B~e~ signals to both sides using the value zero (see [Supplementary Methods](#s1){ref-type="supplementary-material"}). In addition, both signals were normalized such that the maximal value of the auto-correlation function is *1*. The average CC curves and the standard error can be computed based on the values of CC curves from different cells.

To ensure the data quality for the cross-correlation analysis, only the cells with more than 10% Src activation and more than 10% FA disassembly were included. In addition, outlier cells are detected and excluded based on a test of the maximal values and the shape of the CC curves. If the maximal value or more than half of the CC curve lies outside of the range encompassing 3 times standard deviation extending from the average of all other CC curves, this particular cell is labeled as an outlier and excluded from the analysis[@b55]. This condition was applied and the process repeated until no outliers were detected. In our experiments, less than 20% of the cells were detected as outliers and excluded from the cross-correlation analysis.

Statistical Analysis
--------------------

The Kolmogorov-Smirnov test (*kstest*, MATLAB) was used to compare the distribution of samples of maximal Src activation and paxillin disassembly since the KS test does not require the samples to have normal distribution ([Supplementary Fig. 2](#s1){ref-type="supplementary-material"}). The statistical methods based on re-sampling of the data such as the bootstrap method and randomized testing were used to calculate the distribution of the parameters in the Src-paxillin magnitude and kinetic correlation, and estimate their statistical properties[@b56][@b57]. Following standard procedures, the distribution and 95% confidence intervals of the parameters were obtained by the bootstrap method for 2000 times allowing replications[@b25][@b56] (*bootstrap* and *bootci*, MATLAB). In this paper, we chose the well-studied and widely used randomization tests to perform the statistical inference[@b57]. Randomization with 5000 repeats was generated and used for statistical inference on the parameters including the correlation coefficient, slope, max CC value and time delay.
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![The quantification of PDGF-induced Src activation and focal adhesion disassembly.\
(a) The ECFP/FRET ratio images of the Src biosensor (top panels) in MEFs co-transfected with mCherry-paxillin (lower panels) before and after PDGF stimulation. The cold and hot colors in the color bar on the top panel represent the low and high Src activities, respectively. (b) A ratio image (left) and a paxillin intensity image (right) each outlined by an automatically detected cell edge (red). (c) The time courses of the normalized ECFP/FRET ratio (red solid) and the total mCherry fluorescence intensity (blue dotted) over a whole cell body. (d) The mCherry-paxillin intensity image of a representative cell shown in pseudo color before (left) and after (right) high-pass filtering. (e) The pseudo-colored intensity image overlaid with the automatically detected cell edge (solid white), the dividing line between the outer layer and the rest of the cell mask (dotted white), and the boundaries of individual FAs (solid black). The region of interest (ROI) contains the detected FAs located within the cell periphery region between the dotted and solid white lines. An inlet of the panel is shown at the lower right corner with the boundaries of FAs outlined in dashed black. (f) The time courses of the averaged ECFP/FRET ratio (solid red) and the total mCherry intensity (dotted blue) of the FAs in the ROI as shown in (e). (g) The percentage changes of the Src biosensor ECFP/FRET ratio (Src activation) and the paxillin total intensity (FA disassembly) were compared among the whole cell, the FAs in the whole cell (cell FA), and the FAs in ROI (Lam-FA) as shown in (e). Scale bars: 10 μm.](srep05756-f1){#f1}

![The schematics of CFIM procedure.\
CFIM consists of three main components: (1) simultaneous FRET and phenotypic imaging of dynamic molecular events in a live cell, (2) the automatic detection and quantification of these video images, (3) the linear regression analysis for magnitude coupling and the cross-correlation analysis for kinetic coupling.](srep05756-f2){#f2}

![Lam-FA disassembly is coordinated with Src activation in magnitude and kinetics.\
(a) The time courses of normalized Src biosensor ECFP/FRET ratio (pink circles) and the normalized total paxillin intensity (light blue circles) from different individual MEFs, and their average curves of Src ECFP/FRET ratio (red solid line) and paxillin intensity (blue solid line). (b) The time courses of Src activation from different individual cells color-coded by the level of Lam-FA disassembly in the same cell. (c) The max-max plot of maximal Lam-FA disassembly against maximal Src activation. Each dot represents the data from an individual cell. The slope and the correlation coefficient, *R*, were calculated based on the data. (d) Left Panel: The Src-paxillin CC curves (light blue circles) from different individual cells overlaid with the average CC curve (solid blue) and its ± standard error (SEM, dashed blue lines). The time delay, *T*, and the maximal cross-correlation value, *K*, were estimated based on the data. Right panel: the histogram showing the distribution of the time delay values from single cells. (e) The mCherry-paxillin intensity image of a representative SYF-/- cell before and after PDGF stimulation. (f) The time courses of normalized Src ECFP/FRET ratio (pink circles) and the normalized total paxillin intensity (light blue circles) for different individual SYF cells, and their corresponding average curves (red and blue solid lines). Note here the time courses of normalized Src ECFP/FRET ratio were almost identical with the value 1, so the pink circles coincide with the average curve in solid red.](srep05756-f3){#f3}

![Fibronectin concentration affects the magnitude of Lam-FA disassembly.\
(a--b) Quantified results for MEFs seeded on (a) 10 μg/ml and (b) 20 μg/ml FN: the time courses of normalized Src ECFP/FRET ratio (pink circles) and the normalized total paxillin intensity (light blue circles) from different individual cells, and their corresponding average curves (red and blue solid lines); (c--d) show the statistics of (c) the maximal Src activation and (d) Lam-FA disassembly by whisker plots. (\*) indicates statistically significant difference between the data distribution using the Kolmogorov-Smirnov (KS) test, n = 20, 23 and 33, p ≤ 6.1e-4.](srep05756-f4){#f4}

![Fibronectin concentration affects the Src-FA coordination in magnitude and kinetics.\
(a--b) The bar graphs represent parameters in Src-FA magnitude coordination: (a) the correlation coefficients and (b) the slopes of the linear models on different \[FN\]. (\*) indicates significant difference based on the randomized test. Correlation coefficient: p = 0.02; Slope: p = 0.04. (c--d) show the parameters for the Src-paxillin kinetic coordination. Bar graphs represent (c) the maximal value (CC peak) and (d) the time delay of the Src-FA CC curves for cells seeded on different \[FN\], respectively. (\*) indicates significant difference, p ≤ 0.04. (e--f) The comparison of (e) the correlation coefficients and (f) the slopes of the linear model between the Lyn-Src/Lam-FA and KRas-Src/Lam-FA coordinations. (\*) indicates significant difference with p \< 2.0e-4.](srep05756-f5){#f5}

![Integrins α~5~β~1~ and α~v~β~3~ mediate FA populations with distinct Src-FA coordinations.\
MEFs were seeded on 10 μg/ml \[FN\] with or without antibodies blocking different integrin receptors. (a--b) show the statistics of (a) the maximal Src activation and (b) maximal LAM-FA disassembly by whisker plots. (\*) indicates significant difference by Kolmogorov-Smirnov test, n = 27, 26, 23 p ≤ 0.03. (c--f) The bar graphs with 95% confidence intervals compare the parameters of the Src-FA coordination: (c) the correlation coefficient; (d) the slope; (e) the maximal value (CC peak); (f) the time delay of the Src-FA CC curve. (\*\*) indicates significant difference from all the other groups in the panel, (\*) indicates significant difference between indicated groups: Correlation coefficients, p ≤ 0.02; Slope, p ≤ 0.05; CC Peak, p ≤ 0.02; Time delay, p ≤ 0.005, n = 24, 26, 20.](srep05756-f6){#f6}

![The proposed biological model.\
The PDGF induced Src activation is directly coordinated with the disassembly of FA populations mediated by integrin α~v~β~3~, but is relatively separated from the FAs mediated by integrin α~5~β~1~.](srep05756-f7){#f7}
